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S t r u c t u r e s  o f  methane and propane j e t  d i f f u s i o n  
f lames under l i f t o f f  t o  b lowout  c o n d i t i o n s  were 
s tud ied .  The focus of t h i s  i n v e s t i g a t i o n  was on 
the  dynamic, t ime-va ry ing  features of  f lame propa- 
g a t i o n  and s t a b i l i z a t i o n  near t h e  flame base. The 
t u r b u l e n t  v e l o c i t y  and l e n g t h  scales o f  t h e  f lame 
!not ion were d i r e c t l y  measured u s i n g  a t h i n - f i l a m e n t  
pyrometry (TFP) technique a t  h i g h  sampl ing r a t e s .  
The r e s u l t s  i n d i c a t e  a s i g n i f i c a n t  change i n  tu rbu -  
l e n t  v e l o c i t y  and l e n g t h  scales as t h e  j e t  v e l o c i t y  
increases approaching b lowout .  The deduced turbu-  
l e n t  d i f f u s i v i t y  d i sp layed  over  an o r d e r  o f  magni- 
tude increases from l i f t o f f  t o  blowout.  However, 
t he  s t r a i n  r a t e  never exceeded t h e  l i m i t  o f  n. 600 
l / sec .  Near blowout,  t he  flame zone assumed t h e  
c h a r a c t e r i s t i c s  of d i s t r i b u t e d  combustion. 
1.0 I n t r o d u c t i o n  
v 
Topics r e l a t e d  t o  propagat ion and s t a b i l i z a t i o n  
of  t u r b u l e n t ,  l i f t e d  j e t  d i f f u s i o n  f lames have been 
w ide ly  i n v e s t i g a t e d . 1  However, t h e  progress of t h e  
flame mot ion  near t h e  f lame base remains one o f  t h e  
many unanswered quest ions.  Understanding o f  
dynamic f lame s t a b i l i z a t i o n  processes r e q u i r e s  
i n f o r m a t i o n  on the  t ime-va ry ing  p r o p e r t i e s  of t h e  
l i f t e d  flame. 
a t  h i g h  sampl ing r a t e s .  The v e l o c i t y  ai 
sca les assoc ia ted  w i t h  flame mot ion were measured 
fo r  methane and propane flames under c r i t i c a l  l i f t -  
o f f  c o n d i t i o n s .  The thermal-zone th i ckness  and 
v e l o c i t y  and l e n g t h  scales were found t o  i nc rease  
s i g n i f i c a n t l y  a f t e r  flame l i f t o f f .  However, t h e  
t ime sca le  associated w i t h  l a rge -sca le  f lame move- 
ment remains w i t h i n  a narrow range. As a r e s u l t  
the t u r b u l e n t  d i f f u s i v i t y  increases w i t h  i n c r e a s i n g  
j e t  v e l o c i t y  and downstream l o c a t i o n ,  w h i l e  t h e  
s t r a i n  r a t e  remains e s s e n t i a l l y  constant .  For 
methane and propane flames a t  a c r i t i c a l  l i f t o f f  
v e l o c i t y ,  t he  s t r a i n  r a t e  susta ined by t h e  flame 
surface i s  measured t o  be 5 450 l / s e c .  T h i s  r e s u l t  
i s  c o n s i s t e n t  w i t h  t h a t  o f  o t h e r  r e s e a r ~ h e r s . 3 9 ~  
I n  t h i s  paper l i f t e d  flames w i t h  e x i t  v e l o c i t y  
g rea te r  than t h e  c r i t i c a l  l i f t o f f  v e l o c i t y  a r e  
examined. Ques t ions  of p a r t i c u l a r  i n t e r e s t  i n c l u d e  
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1)  How does the  thermal zone va ry  a long t h e  flame 
under va r ious  l i f t o f f  c o n d i t i o n s ;  2 )  W i l l  t h e  
s t r a i n  r a t e  remain l i m i t e d ,  and what i s  t he  range 
o f  s t r a i n  r a t e  which t h e  flame s u s t a i n s  when 
approaching blowout;  and 3 )  W i l l  t he  t ime sca le  of 
t h e  dominant flame mot ion remain cons tan t  and, if 
so, why. I n  a d d i t i o n ,  e f f o r t s  have been made t o  
q u a n t i f y  i n t e r m i t t e n t  f lame-base mot ion.  
2.0 Exper imental  
A sho r t .  taoered contour  nozz le  w i t h  5-mm i n n e r  
diameter was u i e d  as t h e  f u e l  j e t  i n  these s t u d i e s .  
The c o n t r a c t i o n  r a t i o  o f  t h e  nozz le  was 20 t o  1 .  
To i s o l a t e  t h e  flame from room-air  d i s tu rbance ,  a 
25-cm d u c t  was u t i l i z e d  t o  c o n f i n e  t h e  co-annular  
a i r  j e t  hav ing a cons tan t  e x i t  v e l o c i t y  of 0.15 m/ 
sec. The exper imenta l  setup f o r  u t i l i z i n g  the  
t h i n - f i l a m e n t  pyrometry technique f o r  t h e  s tudy of  
f lame l i f t i n g  and f l a m e l f l o w  i n t e r a c t i o n s  of t u r -  
b u l e n t  j e t  d i f f u s i o n  flames i s  descr ibed i n  R e f .  2 
i n  d e t a i l .  Therefore, o n l y  a b r i e f  d e s c r i p t i o n  
w i l l  be g i ven  below. 
Time-dependent temperature p r o f i l e s  f o r  t h e  p ro -  
pane and methane j e t  f lames were made f r o m  t h e  
blackbody emiss ion of a S i c  t h i n  f i l a m e n t ,  n. 10 I j m  
i n  diameter,  a t  a r a t e  o f  > 3,00O/sec. Each tem- 
p e r a t u r e  p r o f i l e  was cu rve  f i t t e d  t o  pe rm i t  t h e  
p o s i t i o n  of t h e  flame surface and thermal-zone 
th i ckness  t o  be determined a c c u r a t e l y .  Since t h e  
da ta  were taken a t  a h i g h  sampl ing r a t e ,  t h e  t ime-  
v a r y i n g  i n f o r m a t i o n  cou ld  be p r o p e r l y  captured and 
recorded.  From t h e  t ime-se r ies  t r a c e  o f  t he  f lame 
surface, t h e  r a d i a l  v e l o c i t y  and l e n g t h  sca les  o f  
t h e  flame propagat ion cou ld  be deduced. The r a d i a l  
v e l o c i t y  i s  t h e  t ime  d e r i v a t i v e  o f  t he  f lame t race ;  
t h i s  t r a c e  i s  ob ta ined  by t h e  f i l amen t  a l i g n e d  i n  
t h e  r a d i a l  d i r e c t i o n .  The r o o t  mean sauare ( rms)  ~1~~ - , ~~ ~ ~ ~~~ ~~ 
v a lue  of  t h e  r a d i a l  v e l o c i t y ,  v ' ,  i s  d e f i n e d  as t h e  
v e l o c i t y  scale,  whereas the  rms va lue  o f  t h e  r a d i a l  
f lame l o c a t i o n ,  y ' ,  i s  de f i ned  as t h e  l e n g t h  sca le ,  
L. 
The exper imental  c o n d i t i o n s  a r e  summarized i n  
Table 1. For  t h e  propane f lame, t h e  heat  re leased 
was v e r y  in tense.  The exhaust f a c i l i t y  would n o t  
a l l o w  a h i g h - v e l o c i t y  propane f lame t o  be run  f o r  
l o n g  pe r iods  o f  t ime.  Thus, t h e  propane f lame was 
n o t  t e s t e d  f o r  c o n d i t i o n s  over  40 mlsec. For t h e  
methane flame t h e  hea t ing  problem was l e s s  severe.  
However, f o r  a methane f lame having an e x i t  
v e l o c i t y  > 60 mlsec, t h e  l i f t o f f  h e i g h t  was g r e a t e r  
than 140 mm and t h e  h e i g h t  f l u c t u a t e d  a t  an amp l i -  
tude > 35 mm. I n  a d d i t i o n ,  t h e  f lame was no l onger  
f l a m e l e t - l i k e .  The f i t t i n g  process f o r  l o c a t i n g  the  
flame peaks cou ld  n o t  be j u s t i f i e d  i n  t h i s  case. 
Table 1 Exper imental  Cond i t i ons  
Fuel  E x i t  Flame O r i g i n  (Case 
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Therefore,  temperature p r o f i l e s  f o r  t h e  methane 
flames hav ing a v e l o c i t y  o f  70 m/sec were made b u t  
n o t  analyzed w i t h  t h e  f i t t i n g  process. The f lame 
c o n d i t i o n s  shown i n  Table 1 ( l a b e l e d  Case Nos. 1-51 
were examined, and t h e  r e s u l t s  a r e  presented i n  
t h i s  paper. 
3.0 Resu l t s  and Discuss ion 
In Ref.  2 i t  was shown t h a t  under c r i t i c a l  l i f t -  
o f f  c o n d i t i o n s ,  t h e  methane d i f f u s i o n  f lame e x p e r i -  
ences s t r o n g e r  f l a m e l f l o w  i n t e r a c t i o n  than t h e  
propane flame. When t h e  flame c o n d i t i o n  approaches 
blowout,  t h e  f lame/ f low i n t e r a c t i o n  becomes 
s t r o n g e r  f o r  bo th  flames. For examining f lame 
behavior ,  data w i l l  be presented i n  t h e  f o l l o w i n g  
o rde r :  General f lame l i f t o f f  c h a r a c t e r i s t i c s  w i l l  
be descr ibed i n  Sect. 3.1, t h e  thermal-zone t h i c k -  
ness and v e l o c i t y  and l e n g t h  sca les  i n  Sect.  3.2, 
t h e  deduced d i f f u s i v i t y  and s t r a i n  r a t e  i n  Sect. 
3.3, and the  c r o s s i n g  frequency which behaves i n  a 
s i m i l a r  manner t o  t h e  s t r a i n  r a t e  i n  Sect. 3.4. 
3.1 L i f t o f f  He igh t  and F l u c t u a t i o n s  
The c l a s s i c a l  approach t o  s tudy ing  t h e  s t a b i l i -  
z a t i o n  of l i f t e  flames i s  t o  f i r s t  examine t h e  
l i f t o f f  height.:*6 Measurement o f  l i f t o f f  h e i g h t  
has o f t e n  been accompl ished by d i r e c t  obse rva t i on  
b u t  can e a s i l y  be achieved by u s i n g  a t h i n  f i l amen t  
t o  i n d i c a t e  t h e  presence of  t h e  flame. The 
observed instantaneous flame h e i g h t  f l u c t u a t e s  
which i n d i c a t e s  t h e  dynamic i n t e r a c t i o n  o f  t h e  
shear zone and t h e  flame zone. A f t e r  t h e  flame 
l i f t s ,  t h i s  i n t e r a c t i o n  becomes even s t ronger .  The 
i n t e r a c t i o n  may be a f f e c t e d  by 1 )  chemical  k i n e t i c s  
o f  t h e  m i x t u r e  i n  t h e  f u e l  j e t ,  2 )  f l u i d  p r o p e r t i e s  
of  t h e  f u e l  j e t  and co - f l ow in  j e t  3 )  f l o w  condi -  
t i o n s  such as e x i t  v e l o c i t y  ? p r o f i l e d )  and tu rbu -  
l e n c e  i n t e n s i t y ,  and 4 )  geometry e f f e c t s  which may 
be i n h e r e n t  i n  the  f l ow  c o n d i t i o n s .  T h i s  unsteady 
i n t e r a c t i o n  can cause i n t e r m i t t e n t  flame behavior .  
To c h a r a c t e r i z e  t h e  range o f  i n t e r m i t t e n t  f lame- 
base mot ion,  bo th  t h e  lower  and the  upper bounds o f  
t h e  l i f t o f f  he igh ts  were recoded a long w i t h  t h e  
average h e i g h t .  
The average l i f t o f f  h e i g h t  i s  shown i n  F i g .  1 as 
a f u n c t i o n  of e x i t  v e l o c i t y .  The d i f f e rence  i n  
l i f t o f f  h e i a h t  between t h e  lower  and u m e r  bound. 
AH, i s  shown i n  F i g .  2. The e x i t  v e l o c i ' t y  was c a l l  
c u l a t e d  from the  volume f l o w  r a t e  and t h e  nozz le  
d iameter ,  D = 5 mm. The l i f t o f f  c o n d i t i o n  f o r  t h e  
methane and propane flames i s  marked i n  F ig .  1 .  
JET VELOCITY (mhec) 
F i g .  1 Average l i f t o f f  h e i g h t  as f u n c t i o n  o f  j e t  
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A f t e r  t h e  f lame l i f t s ,  i t  jumps t o  an i n i t i a l  l i f t -  
of f  h e i g h t .  A r e d u c t i o n  of  t he  j e t  v e l o c i t y  w i l l  
reduce t h e  l i f t o f f  h e i g h t  and e v e n t u a l l y  cause t h e  
flame t o  re -a t tach .  Th is  r e - a t t a c h i n g  regime i s  
a l s o  presented i n  t h e  f i g u r e  as t h e  reg ion  where 
t h e  v e l o c i t v  i s  lower  than the  i n i t i a l  l i f t o f f  
Ampl i tude o f  l i f t o f f - h e i g h t  f l u c t u a t i o n  as 
f u n c t i o n  o f  j e t  e x i t  v e l o c i t y .  
v e l o c i t y .  The blowout v e l o c i t y  f o r  t he  methane 
flame i s  ?i 80 m/sec and f o r  t h e  propane flame i s  
> 90 m/sec. 
For  the  methane and oronane f lames. a l i n e a r  ~~, 
r e l a t i o n s h i p  between  liftoff^ h e i g h t  and J e t  
v e l o c i t y  i s  observed which conf i rms t h e  r e s u l t s  o f  
a p rev ious  s tudy by Kalghatg i .5  I n  t h i s  l i n e a r  
r e g i o n  t h e  r e l a t i o n  f o r  t h e  l i f t o f f  h e i q h t  and e x i t  
v e l o c i t y  f o r  propane i s  g i ven  by 
h = -21.74 t 2.50 Ue 
h = -28.45 t 2.61 Ue  
( 1 )  
and f o r  methane by 
- ( 2 )  
:n EQS.  ( 1 )  and ( 2 )  t he  h e i g h t ,  h, is i n  m i l l i q e -  
t e r s  and the  e x i t  v e l o c i t y ,  Ue, i s  i n  n e t e r s  per 
second, From Fig.  1 t h e  i n i t i a l  l i f t o f f  h e i g h t  f o r  
t h e  propane f lame i s  ~r 30 mm which i s  much l e s s  
than t h a t  o f  t h e  methane flame, ?I 52 mm. 
A l i n e a r  r e l a t i o n s h i p  a l s o  e x i s t s  between t h e  
v e l o c i t y  and the h e i g h t  f l u c t u a t i o n  f o r  bo th  t h e  
methane and t h e  propane flame. For t h e  j e t -  
v e l o c i t y  range 16-45 m/sec, t h e  f l u c t u a t i o n  of  t h e  
l i f t o f f  h e i g h t  f o r  t h e  two flames i s  n e a r l y  equal .  
The r e l a t i o n  i s  
Ah = -5.66 t 0.626 Ue (3 )  
Consider ing the d i f f e r e n c e s  i n  t h e  r e a c t i o n  
k i n e t i c s  and f l u i d  p r o p e r t i e s  o f  methane and p ro -  
pane flames, t h e  equal l i f t o f f - h e i g h t  f l u c t u a t i o n  
shown i n  F i g .  2 r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  
Comparing Ah t o  h f o r  t h e  flames stud ied,  Ah i s  
?r 20% of h. In a d d i t i o n ,  Ah i s  1, 50% o f  t h e  f lame 
d iameter  o r  100% o f  t h e  flame r a d i u s .  The f lame 
may be cha rac te r i zed  as " n o t  so t u r b u l e n t "  i n  
nature,  y e t  t h e  f l u c t u a t i o n s  cannot be cha rac te r -  
i z e d  as sma l l .  Approaching the b lowout  c o n d i t i o n ,  
t h e  l i f t o f f  h e i g h t  was ?, 200 mm and t h e  f l u c t u a t i o n  
of t h e  h e i g h t  ?r 60 mm, as shown i n  F igs.  1 and 2. 
Since co- f lowing a i r  was employed, t h e  r e s u l t s  
cannot be d i r e c t l y  compared w i t h  those obta ined by 
o t h e r  i n v e s t i g a t o r s .  However, f o r  model ing com- 
p a r i s o n  purposes, one can examine t h e  5oncept o f  
t h e  non-dimensional s tudy by Kalghatg i .  For t h e  
hydrocarbon gases t h e  r e l a t i o n s h i p  between l i f t o f f  
h e i g h t  and j e t  e x i t  v e l o c i t y  was g iven5 by 
Ka lgha tg i  as 
where v i s  t h e  k inemat i c  v i s c o s i t y ,  S, t h e  maximum 
value of t h e  laminar  bu rn ing  v e l o c i t y ,  and 6 t h e  
d e n s i t y  r a t i o  of t h e  f u e l  and t h e  ambient a i r .  C1 
i n  t h i s  equa t ion  i s  an e m p i r i c a l  cons tan t  which i s  
independent of t h e  gas used. I f t h e  f l u i d  proper-  
t i e s  o f  t h e  gases employed a r e  known, t h e  cons tan t  
C1 can be ob ta ined  by comparing Eqs. ( l ) ,  ( 2 ) ,  and 
( 4 ) .  For  t h e  case of  methane and propane flames, C1 
was determined t o  be 59 and 61, r e s p e c t i v e l y .  
These two numbers a r e  e s s e n t i a l l y  equal  w i t h i n  t h e  
exper imenta l  u n c e r t a i n t y  o f  t h i s  measurement. 
Thus, these measurements suppor t  t h e  u n i v e r s a l  law 
descr ibed i n  Eq. (4) ,  hav ing an e m p i r i c a l  cons tan t  
C1  o f  ", 60. The va lue c i t e d  by Kalghatg i  i s  50; 
the d i f f e r e n c e  cou ld  be due p r i m a r i l y  t o  t h e  f l ow  
c o n d i t i o n s  r e l a t e d  t o  t h e  co - f l ow ing  a i r  and t h e  
nozz le geometry. In t h i s  study, co- f lowing a i r  was 
employed ( a t  0.15 m/sec); i n  K a l g h a t g i ' s  s tudy co- 
f l ow ing  a i r  was n o t  employed. 
3.2 V e l o c i t y  Scale, Lenqth Scale,  and Thermal- 
Zone Thickness 
Since t h e  t u r b u l e n t  f lame has been viewed as an 
ensemble o f  f l ame le ts ,  t h e  f o l l o w i n g  p r o p e r t i e s  
were measured i n  o rde r  t o  c h a r a c t e r i z e  t h e  oroaress 
In F ig .  3 the r a d i a l  v e l o c i t y  f l u c t u a t i o n ,  v ' ,  
f o r  the mot ion of  t h e  flame surface i s  p l o t t e d  as a 
f u n c t i o n  o f  a x i a l  l o c a t i o n s  f o r  the f i v e  f lame con- 
d i t i o n s  se lec ted  for t h i s  s tudy.  With i nc reas ing  
j e t  v e l o c i t y  and downstream l o c a t i o n ,  t h e  v e l o c i t y  
f l u c t u a t i o n  of  the flame surface f o r  bo th  propane 
and methane increased c o n s i s t e n t l y .  The methane 
3 
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F ig .  3 Measured rms va lue  of r a d i a l  v e l o c i t y  
f l u c t u a t i o n .  
flame d i s p l a y s  a h i g h e r  f l u c t u a t i o n  than the p ro -  
pane f lame, as seen i n  Ref. 2. The maximum r a d i a l  
v e l o c i t y  observed was % 1.8 m/sec f o r  t h e  l i f t e d  
methane f lame having a j e t  e x i t  v e l o c i t y  o f  60 mi 
sec. The l o c a l  maximum a x i a l  v e l o c i t y  a t  t h e  mea- 
surement l o c a t i o n  was est imated t o  be ?I 1 2  m/sec. 
Under t h i s  c i rcumstance the normal ized v e l o c i t y  
f l u c t u a t i o n  i s  15%, which i s  comparable t o  t h e  
j e t  t u r b u l e n t  i n t e n s i t y .  For t h i s  flame c o n d i t i o n  
t h e  f lame surface mot ion may be pass ive and i s  
dominated by t h e  f l ow  f i e l d .  Th i s  maximum tu rbu -  
l e n t  v e l o c i t y  i s  approx imate ly  fou r  t o  f i v e  t imes 
t h e  maximum laminar  flame v e l o c i t y .  
The rms va lue of  the flame f l u c t u a t i o n ,  L, i s  
shown i n  F i g .  4. Since L i s  an rms value, t h e  
ac tua l  range of t h e  i n n e r  and o u t e r  bound o f  the 
flame p o s i t i o n  should be * 2.83 L. Th is  range i s  
c a l l e d  t h e  flame-brush w i d t h  and i s  t h e  r i gh t -hand  
v e r t i c a l  a x i s  i n  F ig .  4. The dependence of the 
va lue L upon t h e  flame c o n d i t i o n s  and a x i a l  l o c a -  
t i o n  i s  s i m i l a r  t o  t h a t  of the v e l o c i t y  sca le.  When 
t h e  f lame-brush w i d t h  i s  normal ized bv t h e  r n d i i i z  , - - - -  - -  
of t h e  f lame cone, t h e  normalizedv-a-lue i s  found t o  
be ?I 20% f o r  most o f  t h e  flame c o n d i t i o n s  tes ted .  
For Test Cond i t i on  No. %- the  methane flame having 
an e x i t  v e l o c i t y  of 60 m/sec-- the above normal ized 
va lue approached 58%. 
e 
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Figure 5 shows the thermal-zone thickness which 
is defined as the area displaying a flame tempera- 
ture ? 1300 K .  Measorefnents o f  the reaction-zone 
thickness reauire a soectroscooic technioue7 and 
~ 
~~ ~ . .  
were not attempted in this study. The theGma-1 zone 
should be thicker than the reaction zone since the 
thickness of the former is equal to the thickness 
of the latter plus the thermal-boundary-layer 
thickness. However, measurement of the thermal- 
zone thickness yields the size of the area con- 
fining the hot combustion products which have a 
temperature higher than the ignition temperature. 
The results in Fig. 5 clearly indicate that the 
methane flame has a thicker thermal zone than the 
propane flame, presumab y due to the higher thermal diffusivity of methane. l 
11.75 - 1  
% 
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Fig. 5 Thermal-zone thickness as function of 
downstream location. 
For Flame Condition No. 5, the thickness 
observed was % 13 mm. For the methane flame having 
a slightly higher exit velocity of 70 mlsec, which 
is very near blowout, the thermal zone becomes so 
thick that the entire flame cone assumes the char- 
acteristics of distributed combustion. This is 
demonstrated i n  Fig. 6 by the evolution of the tem- 
perature profile near the flame base. Figure 6 
clearly shows that the entire flame cone is filled 
with hot combusting gases. Note that in this fig- 
ure the intermittent flame motion is observed. 
When the flame is stabilized at a locarion higher 
than the filament, no signal appears. When the 
flame moves down toward the filament, the high 
temperature zone begins to appear. This transition 
clearly shows that the thermal zone is thick, even 
at the stabilized flame base. 
3.3 Turbulent Diffusivity and Strain Rate 
The measured velocity scale, V I ,  and the length 
scale, L, can be used to determine the turbulent 
diffusivity and strain rate as follows:2 
n t = v ' ~  ( 5 )  
sr = V'IL ( 6 )  
Figure 7 shows the turbulent-diffusivity results 
and Fig. 8 contains strain-rate results. Since at 
a high jet velocity the flame base for the methane 
flame could not qualify as an ideal flamelet, the 
quality of the data for the methane flame is lower 
than that for the propane flame. I n  addition, the 
total number of profiles sampled at each location 
i s  only 720, which could constitute under-sampling. 
This is especially true for the diffusivity and 
strain-rate calculations which are composed of two 
measured data quantities. Therefore, the data pre- 
sented in this section should not be considered 
benchmark results. Instead, attention should be 
focused on the trend and ranges of the results, 
70 
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Fig. 7 Turbulent diffusivity associated with 
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Fig. 6 Three-dimensional plot of TFP results for ~ i ~ .  3 ~~~~~~~d Strain rate sustained by flame - 
surface. methane flame base at 70 mlsec. 
With t h e  c r i t i c a l  l i f t o f f  v e l o c i t y ,  t h e  tu rbu -  
l e n t  d i f f u s i v i t y  a t  l h e  l i f t o f f  h e i g h t  f o r  t h e  pro-  
pane fl me i s  - 2 cm'lsec and f o r  t h e  methane f lame 
s i v i t y  c o n s i s t e n t l y  increases w i t h  an increase i n  
t h e  . i e t  v e l o c i t v  and downstream l o c a t i o n .  Hnwpvpr. 
- 10 cm ? I s e c .  F igu re  7 shows t h a t  t u r b u l e n t  d i f f u -  
~ . . . . . .. .  ..  .-. ~~~ 
t h e  - s t r a i n  r a t e  susta ined by t h e  f lame su r face  
remains r e l a t i v e l y  constant ,  as seen i n  F ig .  8. 
For t h e  propane f lame, the  s t r a i n  r a t e  f o r  t h e  
l i f t e d  f lame remains a t  - 350 l l s e c  which i s  lower  
than t h a t  f o r  t he  a t tached  f lame a t  t h e  c r i t i c a l  
l i f t o f f  v e l o c i t y .  For t h e  methane f lame t h e  s t r a i n  
r a t e  f o r  t h e  l i f t e d  f lame remains a t  ~r 540 l l s e c  
3.4 Cross ing Frequency of t h e  Flame Surface 
As discussed i n  Ref. 2 ,  t h e  flame can a f f e c t  t h e  
f l o w  j u s t  as t h e  f l o w  can a f fec t  t h e  f lame behav- 
i o r .  T h i s  i s  e v i d e n t  i n  t h e  r e s u l t s  of t h e  cross-  
i n g  frequency which i s  def ined as t h e  f requency a t  
which t h e  f lame f r o n t  crosses i t s  mean p o s i t i o n .  
Before reach ing  the  end of  t h e  p o t e n t i a l  core,  t h e  
j e t - s h e a r - l a y e r  s t r u c t u r e  becomes l a r g e r  a f t e r  t h e  
flame l i f t s .  Consequently, t h e  f lame c r o s s i n g  f r e -  
quency decreases a f t e r  t h e  flame has l i f t e d .  For 
the  methane flame t h e  i n t e r a c t i o n  i s  s t r o n g  and t h e  
s t r u c t u r e  l ess  cohere t, causing the  frequency t o  
decrease i r r e g u l a r l y . $  However, t h e  f requency of 
t he  l i f t e d  f lame f a l l s  between 100 and 150 Hz. For  
t h e  propane flame i n  which t h e  i n t e r a c t i o n  o f  t h e  
shear zone and the  f l a m  zone i s  weaker, t h e  f re -  
100 Hz. For t h e  f lame c o n d i t i o n s  se lec ted  f o r  t h i s  
s tudy which range from l i f t o f f  t o  blowout, t h i s  
t rend  remained. The m a j o r i t y  o f  t he  measured f r e -  
Y quency remains w i t h i n  100 t o  150 Hz, as shown i n  
F ig .  9. 
The exac t  reason f o r  t he  c r o s s i n g  frequency of 
t he  methane and propane flames f a l l i n g  i n t o  t h e  
range ~r 100 - 150 f o r  a wide e x i t - v e l o c i t y  range i s  
n o t  c l e a r .  Nevertheless,  t h i s  i s  a measure o f  t h e  
dominant t ime  s c a l e  over  which t h e  l i f t e d  f lame 
responds t o  t h e  f l o w  modulat ion.  Since t h e  reg ion  
between t h e  l i f t e d  f lame base and the  nozz le mouth 
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F i g .  9 Measured c r o s s i n g  frequency of f lame su r  
v face a t  d i f f e r e n t  downstream l o c a t i o n s .  
i s  a p r e f e r r e d  l o c a t i o n  f o r  e n t r a i n i n g  a i r . 2  i t  i s  
p h y s i c a l l y  sound t o  take t h e  l i f t o f f  h e i g h t  as an 
impor tan t  l e n g t h  sca le  which a f fec ts  f lame behav- 
i o r .  V a r i a t i o n  of  l i f t o f f  h e i q h t  w i l l  a f f e c t  a i r  
entrainment,  l o c a l  f u e l - a i r  m i x j n g  and, thus,  flame 
s t a b i l i z a t i o n .  To a u a n t i f y  t h e  consequence o f  t h i s  
unsteady f l ame l f l ow  coup l i ng ,  a non-dimensional  
r a t i o  e q u i v a l e n t  t o  the  Strouhal  number, St ,  can be 
de f i ned  as 
S t  = fh/Ue ( 7 )  
where f i s  t h e  dominant f requency. I n  the  above 
d e f i n i t i o n ,  g loba l  parameters such as h and Ue are  
used. From t h e  da ta  shown i n  F i g .  1, t he  Strouhal  
number i s  found t o  range f rom z 0.10 t o  0.15. Note 
t h a t  over a wide range of flame c o n d i t i o n s ,  t h e  
r a t i o  h/Ue remains constant ,  as was shown i n  F i g .  
1. 
4.0 Conclusions 
A novel  approach was taken t o  c h a r a c t e r i z a t i o n  
of t h e  s t a b i l i z a t i o n - z o n e  s t r u c t u r e  i n  j e t  f lames. 
Methane and propane flames hav ing an e x i t  v e l o c i t y  
rang ing  from l i f t o f f  t o  near  blowout were examined 
and t h e  r e s u l t s  compared. Emphasis i n  t h i s  s tudy 
was placed on t h e  measurement of t ime-va ry ing  prop-  
e r t i e s  i n  o rde r  t o  c h a r a c t e r i z e  t h e  dynamic behav- 
i o r  r e l a t e d  t o  flame propagat ion and s t a b i l i z a t i o n .  
The r e s u l t s  a r e  summarized below. 
1 




W i t h i n  t h e  r e g i o n  from t h e  flame base t o  the  
end of t he  b l u e  flame zone, t h e  thermal-zone 
th i ckness  and t h e  v e l o c i t y  and l e n g t h  sca les  
associated w i t h  t h e  flame mot ion increase w i t h  
respec t  t o  an i nc rease  i n  the  j e t  v e l o c i t y  and 
downstream d is tance .  Under t h e  same j e t -  
v e l o c i t y  cond i t i ons ,  t h e  methane flame f l u c t u -  
a tes  a t  h i g h e r  v e l o c i t y  and ampl i tude than t h e  
propane flame. 
For t h e  wide range of flame c o n d i t i o n s  t e s t e d ,  
t h e  s t r a i n  r a t e  susta ined by the  flame seems t o  
remain r e l a t i v e l y  cons tan t .  Local  f lame- 
s t r e t c h i n g  models may be a v a l i d  approach t o  
t h e  s tudy of flame e x t i n c t i o n .  
C h a r a c t e r i z a t i o n  of  t h e  i n t e r m i t t e n t  behavior  
of t h e  f l a m e - s t a b i l i z a t i o n  zone was c a r r i e d  
ou t .  The f l u c t u a t i o n  of t he  l i f t o f f  h e i g h t  w a s  
measured t o  be Q. 20% o f  the  average va lue .  
Unsteady f lamel f low coup l i ng  r e s u l t s  i n  a 
Strouhal  number rang ing  f r o m  - 0.10 t o  0.15. 
The l i f t o f f  h e i g h t  i s  cons idered t o  be an 
impor tan t  phys i ca l  l e n g t h  scale.  
Approaching t h e  near-blowout c o n d i t i o n ,  t he  
flame base f l u c t u a t e s  v i o l e n t l y  and t h e  f lame 
takes on d i s t r i bu ted -combus t ion  c h a r a c t e r i s -  
t i c s .  
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